Abstract: Considering a three dimensional TH-UWB wireless sensor network with n static identical randomly located sensor nodes in a sphere of volume normalized by one cubic meter, the formula for upper and lower bounds on the energy dissipation of some sensor node transmitting a data packet containing R bits to the sink node by multihop fashion are derived using Vapnik-Chervonenkis theory and Voroni tessellation covering sensor field. The main finding is that the upper and lower bounds on the energy dissipation are in inverse proportion to the node density n in the network. Thus, large-scale dense TH-UWB wireless sensor network is more preferable.
Thus, it is necessary and important to investigate the energy dissipation of wireless sensor networks in theory given a set of parameters. For example, studies on the asymptotic behavior of the energy dissipation with respect to the network size and volume provide insights pertinent to the network scalability and feasibility of deploying large-scale wireless sensor networks. The results with respect to the energy dissipation offers important guidance to research on the network management issues such as topology control, MAC and routing, data aggregation.
Ultra wide band (UWB) is a highly promising physical layer technology for wireless sensor networks due to its unique characteristics such as low power transmission, low cost and low complexity transceiver circuitry, noise-like signals, precise location capability, and resilient to Rayleigh fading from multipath interference. This paper considers the most common version of UWB based on the transmission of very short (picosecond) pulses emitted in periodic sequences, in an impulse radio fashion. Time hopping (TH) codes which introduce a variable delay on each transmitted pulse are used [7] . The impulse radio TH-UWB wireless sensor network will be considered in this paper.
Recently the capacities of UWB ad-hoc networks have been derived for various wireless ad-hoc networks [8, 9] , these results all demonstrate that the throughput for UWB ad hoc networks increases with node density.
Since energy dissipation is a critical concern in the design of wireless sensor networks, we study the asymptotic behavior of the energy dissipation of TH-UWB sensor network in this paper. To the best of our knowledge, the energy dissipation bounds on the three dimensional TH-UWB sensor network is not available in the literature.
This paper addresses the lower and upper bounds on the energy dissipation of the three dimensional TH-UWB wireless sensor network respectively. Such wireless sensor networks arise when the network consists of both terrestrial and satellite-based or aircraft-based communication links, or in building networks where sensor nodes are located on different floors, or in indoor networks where sensor nodes connected by Bluetooth.
The remainder of this paper is organized as follows. Section 2 presents system model, and the SINR and link's Shannon capacity of TH-UWB are given in Section 3. The lower bound and upper bounds on the energy dissipation of the three dimensional TH-UWB wireless sensor networks are derived respectively in Sections 4 and 5. Finally, Section 6 concludes the paper and also gives some future work.
System Model
In the three dimensional wireless sensor networks composed of n static sensor nodes and one sink node, these static sensor nodes are independent, identically distributed, and distributed uniformly in a sphere of volume normalized by one cubic meter. The n sensor nodes communicate over wireless channels and relay traffic each other.
Each sensor node sends its acquired data to the sink node located at the center of the sphere.
Let N i denote the sensor node and its position. Let P ti ≥0 be the transmitting power of node N i , and let P rj ≥0 be the receiving power of node N j . For simplicity, assuming that it is a homogenous network, then P ti =P t , P rj =P r , ∀i,j∈{1,2,…,n}.
The objective of this paper is to bound the energy dissipation E(n) of the three dimensional TH-UWB wireless sensor network by a function of n, which is defined as the energy dissipation of some sensor node transmitting a data packet containing R bits to the sink node by multihop fashion. Since the underlying network is random, so is the energy dissipation. The energy dissipation bounds are derived to be certain functions with high probability (w.h.p.), i.e., with probability approaching 1 as the node density n→∞. As in Ref. [10] , if there exist deterministic
If only Eq. (1) is satisfied, we say that the energy dissipation E(n) is lower bounded by Ω(f(n)); if only Eq. (2) is satisfied, we say that the energy dissipation E(n) is upper bounded by O(f(n)).
SINR and Link's Shannon Capacity of TH-UWB
It is assumed that the communication channel is AWGN channel. The Gaussian noise power spectral density is η. Supposing the signal power decreases in proportion to the α order of the distance between the transmitter and receiver, and α>3 is the distance loss exponent. The reason is that if α≤3, and nodes are uniform in space, then the interference level everywhere is unbounded as the number of nodes in the network increases.
All physical links are point-to-point. Each link is assumed to support a data rate corresponding to the Shannon capacity of that link.
Consider n nodes, binary pulse position modulation. The signal-to-interference and noise ratio (SINR) at the receiver N j is the ratio of the received power by the total interference perceived by the receiver including the ambient AWGN noise and the transmissions of other links that occur at the same time. For TH-UWB, a receiver does not capture the full power of an interferer, but just a fraction that depends on the correlation of the spreading sequences of the sender and the interferer. The total noise at a receiver can thus be modeled as the sum of the ambient noise and the total interference multiplied by the orthogonality factor. Thus, SINR can be written as:
where P t is the transmit power of node N i , h ij is the signal power attenuation for the useful data, h ij =|N i −N j | −α , and the distance |N i −N j | is defined as the length of the segment connecting N i and N j , W is the signal bandwidth and M is the number of colliding data, supposing M nodes transmit data simultaneously and a k is the orthogonality factor. For homogeneous network, a k =a, ∀k∈{1,2,…,n}.
The first term ηW of the denominator of SINR represents the ambient AWGN noise power, and the second term represents multiuser interference (MUI). If bandwidth is so large that the ambient AWGN noise power is markedly more than the MUI, then the MUI can be negligible with respect to the ambient AWGN noise. Accordingly, SINR can be simplified, i.e. SINR=P t h ij /(ηW).
According to Shannon capacity formula, each link's Shannon capacity C ij is lim log(1
Lower Bound on Energy Dissipation
Radios of nodes typically have four power levels corresponding to the following states: transmitting, receiving, listening, and sleeping. In order to let the energy dissipation as small as possible, assuming if a sensor is not engaged in transmitting or receiving, it will keep sleep. Therefore, in this paper we only consider the consumed energy in the state of transmitting and receiving. We ignore the energy consumption in the sleeping state, because it is much smaller than the transmitting and receiving energy consumption.
Total consumed energy
In order to obtain the total energy dissipation of the three dimensional TH-UWB sensor network when transporting a data packet containing R bits from one source node to the sink node, the energy consumption of one medial hop along the route must be first obtained.
Thus, the energy consumption of node N i transmitting a packet containing R bits to its neighbor N j is
where E ti and E rj represent energy consumption for the i-th node transmission and j-th node reception respectively.
Supposing source node N s wants to send a packet containing R bits to the sink node N d using multihop fashion, the medial relay node N i must send R bits data to its neighbor N i+1 . The energy dissipation E i,i+1 can be written as follows.
, 1
where R/C i,i+1 represents the consumed time interval in which node N i transmits R bits data to its neighbor node
Eq.(6) indicates that the smaller |N i −N i+1 | is, the smaller E i,i+1 is. It implies that it will benefit to conserve energy of the node if the medial relay node N i selects its closest neighbor as its next hop node N i+1 .
Therefore, the total energy dissipation E tot (n) when source node N s transports R bits data to the sink node N d is as follows.
where X is the number of nodes from source sensor node N s to the sink node, N 0 =N s , and N X =N d . Note that in most applications, the sink node is energy unconstrained, but for simplicity, the receiving energy dissipation of the sink node is included in Eq.(7).
Lower bound on the energy dissipation
Here we construct a Voronoi tessellation V n of sphere S. Let {a 1 ,a 2 ,…,a p } be a set of p points in sphere S. The Voronoi cell V(a i ) is the set of all points which are closer to a i than to any of the other a j 's, i.e., = ∈ − = − [10] .
The tessellation has the following properties [11] :
(1) Every Voronoi cell V contains a ball of radius ρ(n) and corresponding volume 100logn/n, i.e., 4πρ 3 (n)/3=100logn/n.
(2) Every Voronoi cell is fully contained within a ball of radius 2ρ(n).
Denote L sd as the sum of the hop-lengths between the source N s and the sink node N d .
Where L 0 is the straight line between the source node N s and the sink node N d .
The routing R sd of source sink pair N s →N d is considered. Define a region G(R sd )⊂S as follows. The G(R sd ) defines a coverage region around the route such that all cells intersecting the route have to be fully contained within this coverage region. Hence the total volume of the coverage region is
The minimum volume of a Voronoi cell is 100logn/n. Since the route can only intersect cells that are completely contained in G(R sd ), the number of such cells is upper bounded as:
The Vapnik-Chervonekis theorem is applied to the tessellation of the network. The application of the Vapnik-Chervonekis theorem to the set of balls (contained in the cells) yields that the number of nodes per cell with high probability obeys 50logn≤N(V)≤150logn, which indicates that every cell V at least contains one node [11] .
Thus, the maximum number of sensor nodes on the G(R sd ) is
Where k 1 and k 2 are constants, with respect to n. And in the sequel, k 3 , k 4 , k 5 , k 6 , k 7 are all constants.
The lower bound on the total energy dissipation E tot (n) of carrying R bits data from source node N s to the sink
with high probability. Here, the concavity property of y α is used.
Since as n→∞, 2 3 log (log ) n n n << . E tot (n) can be written as follows.
with high probability. Thus, 
This proves the lower bound on energy dissipation is
for n→∞, where α≥3.
Therefore, based on Eq.(16), we can conclude that if the node density n is increased, the lower bound of energy dissipation E low-tot (n) will be decreased. Thus, the large-scale dense UWB wireless sensor networks will be good to decrease energy dissipation.
Upper Bound on Energy Dissipation
According to Ref. [11] , Pr(Every cell V∈V n contains a node)>1−50logn/n. Hence every cell in V n contains at least one node to relay the traffic. Because every cell in the Voronoi tessellation is contained in a ball of radius 2ρ(n), the length of each hop to reach the next relay node is at most 8ρ(n), and accordingly, in this scenario ( )
with probability exceeding 1−50logn/n.
Since as n→∞, 1 3 log log n n n 
Hence the upper bound is
When the node density n is increased, the upper bound of energy dissipation E upp-tot (n) will be decreased too.
Conclusion and Future Work
In this paper, we investigate the energy dissipation of the three dimensional TH-UWB wireless sensor network.
It is shown that for such a static TH-UWB sensor network, consisting of n randomly distributed identical nodes in a sphere of volume normalized by one cubic meter and transporting R bits data from some node N s to the sink node N d , the lower bound on energy dissipation is 
